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Taking stock of herbicide-resistant crops ten
years after introduction†‡
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Mississippi, 38677, USA

Abstract: Since transgenic, bromoxynil-resistant cotton and glufosinate-resistant canola were introduced
in 1995, planting of transgenic herbicide-resistant crops has grown substantially, revolutionizing weed
management where they have been available. Before 1995, several commercial herbicide-resistant
crops were produced by biotechnology through selection for resistance in tissue culture. However,
non-transgenic herbicide-resistant crops have had less commercial impact. Since the introduction of
glyphosate-resistant soybean in 1996, and the subsequent introduction of other glyphosate-resistant crops,
where available, they have taken a commanding share of the herbicide-resistant crop market, especially
in soybean, cotton and canola. The high level of adoption of glyphosate-resistant crops by North American
farmers has helped to significantly reduce the value of the remaining herbicide market. This has resulted
in reduced investment in herbicide discovery, which may be problematic for addressing future weed-
management problems. Introduction of herbicide-resistant crops that can be used with selective herbicides
has apparently been hindered by the great success of glyphosate-resistant crops. Evolution of glyphosate-
resistant weeds and movement of naturally resistant weed species into glyphosate-resistant crop fields will
require increases in the use of other herbicides, but the speed with which these processes compromise
the use of glyphosate alone is uncertain. The future of herbicide-resistant crops will be influenced by
many factors, including alternative technologies, public opinion and weed resistance. Considering the
relatively few recent approvals for field testing new herbicide-resistant crops and recent decisions not
to grow glyphosate-resistant sugarbeet and wheat, the introduction and adoption of herbicide-resistant
crops during the next 10 years is not likely to be as dramatic as in the past 10 years.
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1 INTRODUCTION
Ten years have passed since the first commercial
introduction of transgenic herbicide-resistant crops
in 1995. Herbicide-resistant crops generated by
biotechnology were controversial before they were
introduced,1,2 although at that time others predicted
potential economic and environmental benefits of this
technology.3,4 Even though much has been written
about all aspects of herbicide-resistant crops, only
two previous collections of reviews have attempted
to cover most of the topics associated with this
technology.5,6 During the approximately 10 years since
these books were published, much has happened
regarding herbicide-resistant crops. This review is
meant to provide a summary of the development,
current status, and possible future of herbicide-
resistant crops as an introduction to the collection
of papers on herbicide-resistant crops in this special
issue of Pest Management Science.

2 A SHORT HISTORY
The use of synthetic herbicides in agriculture
blossomed with the advent of selective, auxinic
herbicides (eg 2,4-D) in the middle of the last century.
Since then, pesticide manufacturers have striven to
develop herbicides that would kill most or all of the
problem weeds without injury to the crop for which
the herbicide was intended. Over the last half of the
20th century, many classes of selective herbicides
with a variety of modes of action were discovered,
developed and marketed. Herbicide molecules were
tailored to provide greater selectivity, efficacy and
safety. In most cases, the commercialized product was
a compromise between how much crop injury would
be acceptable and the degree and species spectrum of
herbicide activity against weeds. Some excellent non-
selective herbicides were also developed (eg paraquat,
glufosinate and glyphosate) that could be used when
and/or where the crop was not growing or with less
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than perfect methods to prevent contact with the
crop.

Prior to the advent of modern biotechnology, there
was a limited effort to find or breed cultivars that
were resistant to certain herbicides. An example of
this approach is the soybean cultivar ‘Tracy M’ that is
resistant to rates of metribuzin that cause unacceptable
damage to other soybean varieties.7 There was never
much interest in this approach, partly because, at that
time, seed companies were not owned by herbicide
manufacturers and had little incentive to breed for
traits that were tied to another company’s product.

Soon after the first weeds evolved resistance to
herbicides,8,9 scientists began to consider altering
crops to make them resistant to herbicides. Initially,
non-transgenic methods were used. For example, a
breeding program was initiated to move resistance
from a Brassica rapa L that evolved resistance to
triazine herbicides to Brassica spp crops.10 This
approach was used to produce several triazine-
resistant canola varieties that were released in the
1980s, but no other triazine-resistant crops were
developed. Triazine-resistant canola varieties are
sometimes lower yielding and have poorer seedling
vigor than susceptible varieties. The farmer had to
weigh the value of inexpensive weed control with
triazines against potential yield reductions. The advent
of selective sulfonylurea herbicides for canola and
the unwanted pleiotropic effects of the resistance
mutation eventually greatly reduced the market share
for triazine-resistant canola, except in Australia, where
there is no good alternative to control wild radish
(Raphanus raphanistrum L).

Since triazine-resistant canola was introduced, non-
transgenic breeding methods such as whole-cell
selection, mutagenesis and plant selection from natural
populations have been used to produce sulfonylurea-
resistant soybeans, sethoxydim-resistant maize and
several imidazolinone-resistant crops (Table 1).11–13

In each of these cases, the physiological basis of
resistance has been a herbicide-insensitive target
site. There have been no agronomically significant
pleiotropic effects noted with the mutations upon
which these products are based. All of these herbicides
are already selective, so this technology has only
added the crop to the list of naturally resistant
plant species. In other words, weed management
with these herbicide-resistant crops is very similar
to that with selective herbicides to which crops are
naturally resistant. Other selective herbicides must
be used with those to which the crop has been
engineered to be resistant. The most successful of
these products has been imidazolinone-resistant crops,
especially imidazolinone-resistant rice.14

In the early 1980s, the tools for producing transgenic
crops were becoming available. Several companies saw
the advantage of using this technology to produce
crops resistant to very broad spectrum herbicides (eg
glyphosate and glufosinate) or to herbicides for which
mutation to a resistant form was problematic (eg

Table 1. Herbicide-resistant crops now available to farmers in North

America

Herbicide Crop Year available

Bromoxynil Cottonb 1995
Canolab 2000

Cyclohexanediones (sethoxydim)a Maize 1996
Glufosinate Canola 1995

Corn 1997
Cotton 2004

Glyphosate Soybean 1996
Canola 1996
Cotton 1997
Maize 1998

Imidazolinonesa Maize 1993
Canola 1997
Wheat 2002
Rice 2002

Sulfonylureasa Soybean 1994
Triazinesa Canola 1984

a Not transgenic.
b No longer available.
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Figure 1. Total releases of transgenic crops for field testing approved
by USDA-APHIS from 1987–late 2004.15 These data are only on
permits that are acknowledged (notifications) or issued (full permit
process). For practical purposes, there is no difference between full
permits and notifications.

bromoxynil). Herbicide-resistant crops were the first
major wave of transgenic crops. From 1988, 20–30%
of the annual applications to the Animal and Plant
Health Inspection Service of the US Department of
Agriculture for permits to field test transgenic crops
have been for herbicide-resistant crops, with a total
of 26% of all permits from 1987 to 2004 (Fig 1).15

However, 36% of the approvals for deregulation
(approval to commercialize) have been for herbicide-
resistant crops.

One of the first transgenic HRCs available to
farmers was bromoxynil-resistant cotton in 1995.16 A
transgene encoding a plasmid-encoded nitrilase from
Klebseilla ozaenae was used to generate plants that
rapidly degrade bromoxynil to non-toxic benzoic acid
derivatives of bromoxynil. Subsequently, transgenic,
bromoxynil-resistant canola was introduced in 2000.
Neither of these herbicide-resistant crops captured
much of the market share, but they have been very
useful when the weed pressure from bromoxynil-
susceptible weeds was a problem. Because bromoxynil

212 Pest Manag Sci 61:211–218 (2005)



Herbicide-resistant crops ten years after introduction

is not a broad-spectrum herbicide, introduction of
these herbicide-resistant crops simply added another
selective herbicide to those already available for
use in these crops. This technology provided a
means of extending the market share for an existing
product, with relatively little additional regulatory
costs for the herbicide itself. These herbicide-
resistant crops were recently removed from the
market.

Introduction of transgenic crops made resistant
to broad-spectrum, non-selective herbicides was
rightfully perceived as a better strategy in terms
of weed management and market share. The two
herbicides that fitted this approach best were
glyphosate and glufosinate. Both compounds are
amino acid analogues that have molecular targets
in amino acid biosynthesis pathways. In each
case, there appears to be only one compound
that is a viable herbicide targeting the molecular
site.17,18 Thus, the transgenic crop can be linked
to the herbicide product of one company until the
patent on the herbicide expires. If the company
producing the herbicide and the herbicide-resistant
crop are essentially the same, the seed and the
herbicide can be sold as a package. There are
many advantages of herbicide-resistant crops that
are resistant to only one proprietary, non-selective
herbicide over those that are each cross-resistant to
several, similar selective herbicides owned by several
companies.

An extensive effort was put into generating
glyphosate-resistant crops, culminating in the use of
the CP4 gene from Agrobacterium sp, which encodes a
glyphosate-resistant form of 5-enolpyruvyl-shikimate-
3-phosphate synthase (EPSPS).19 All commercial
glyphosate-resistant crops except some maize varieties
contain this gene. Glyphosate-resistant canola also
contains a gene that encodes a glyphosate oxidoreduc-
tase (GOX) from the microbe Ochrobactrum anthropi
(strain LBAA). This enzyme degrades glyphosate to
glyoxylate, a ubiquitous and safe natural product,
and aminomethylphosphonate (AMPA), a non-toxic
compound. However, accumulation of AMPA in
glyphosate-resistant soybeans has been correlated with
mild phytotoxicity to the crop.20 Why the GOX gene
was used in canola but not other crops has not been
made public. Some glyphosate-resistant maize vari-
eties contain a mutated maize EPSPS transgene that
imparts resistance.21

One of the first selectable transformation marker
genes was the bar gene from Streptomyces hygroscopicus,
the same organism that produces phosphinothricin,
the natural form of glufosinate. This gene makes plants
resistant to glufosinate by inactivating this herbicide
through acylation.18 Many crop species have been
successfully transformed with this gene. However,
since 1997, only glufosinate-resistant canola, maize
and cotton have been introduced in the USA
(Table 1). Glufosinate-resistant canola has been
grown in Canada since 1995.

3 CURRENT STATUS
3.1 Current products
To date, only five transgenes have been used in
commercial crops to confer resistance to herbicides:
CP4, GOX and the mutated maize EPSPS for
glyphosate resistance, the gene encoding a nitrilase for
bromoxynil resistance, and the bar gene for glufosinate
resistance. Of the three herbicides (bromoxynil,
glyphosate and glufosinate) used with herbicide-
resistant crops with these genes, only glyphosate has
had a strong impact on weed management. With the
discontinuation of bromoxynil-resistant crops by the
company, only four transgenes and two herbicides are
now being used with herbicide-resistant crops.

Glyphosate-resistant soybean has risen every year
since its introduction in the USA, now at about 80%
of the hectares treated (Fig 2). Glyphosate-resistant
cotton has been similarly adopted. Approximately
75% of canola acreage in the USA was planted
in glyphosate-resistant varieties in 2003.22 In these
crops, glyphosate offers an economical and simple
alternative that provides superior weed management.
The adoption rate in maize (ca 18% in 2004)23

has not been as dramatic because the economic
advantages are not as clear. Despite great success with
other glyphosate-resistant crops, glyphosate-resistant
sugarbeet is not being grown by North American
sugarbeet farmers, due to concerns about acceptance
of sugar from transgenic plants by the confectionary
industry. This herbicide-resistant crop was available
for several years (Table 2), but not grown. Similar
and other concerns have resulted in a decision by the
company not to ask for deregulation of glyphosate-
resistant wheat in 2004.23

Glyphosate-resistant crops have led to a large
increase in the use of glyphosate, an already popular
herbicide. Patent rights for glyphosate expired in 2000,
which was followed by a significant expansion in the
commercialization of different salts and formulations
of the herbicide. Competition caused by availability of
generic glyphosate has led to a decline in glyphosate
price, making the adoption of glyphosate-resistant
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Figure 2. Adoption of glyphosate-resistant soybean and cotton in the
USA by year.
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Table 2. Regulatory approval for growing herbicide-resistant crops

commercially world-wide as of 2003: only the first approval for a

particular trait for a particular crop in a country is considered; this

information was compiled from the agbios database,24 not all

approvals have resulted in commercialization and sales

Crop Herbicide Country Year approveda

Canola Bromoxynil Canada 1997
Japan 1998

Glufosinate Canada 1995
Japan 1996
USA 1995

Glyphosate Australia 2003
Canada 1995
Japan 1996
USA 1999

Cotton Bromoxynil Japan 1997
USA 1994

Glufosinate USA 2003
Glyphosate Argentina 1999

Australia 2000
Japan 1997

South Africa 2000
USA 1995

Sulfonylureas USA 1996
Flax Sulfonylureas Canada 1996

USA 1999
Maize Glufosinate Argentina 1998

Canada 1996
Japan 1997
USA 1995

Glyphosate Argentina 1998
Canada 1998
Japan 1998

South Africa 2002
USA 1997

Rice Glufosinate USA 1999
Soybean Glufosinate Canada 1999

Japan 1999
USA 1996

Glyphosate Argentina 1996
Brazilb 1998
Canada 1995
Japan 1996
Mexico 1998

South Africa 2001
USA 1994

Uruguay 1997
Sugarbeet Glufosinate Canada 2001

USA 1998
Glyphosate USA 1998

a First approval of any gene or transgenic event conferring resistance.
b Reversed by courts, but reinstated in 2003.

crops even more economical. Manufacturers of other
herbicides for cotton and soybean have countered
with reductions in prices for their products,25 possibly
further accelerating the horizontal integration of the
pesticide industry. Loss of some older products may
be linked to the reduced value of the herbicide market.
Smaller profit margins and the difficulty of capturing
market share in soybeans have led to a significant
decline in efforts to discover and commercialize new

herbicides. Finding new niches for existing herbicides,
especially partnering those products with glyphosate
programs, has a higher priority than discovery of new
herbicides. Clearly, glyphosate-resistant crops have
had a strong impact on weed management and the
herbicide industry.

Bromoxynil- and glufosinate-resistant crops have
had less influence than glyphosate-resistant crops.
This is probably because the economic advantages
have not been as dramatic as with glyphosate-resistant
crops. In cotton, bromoxynil-resistant varieties never
reached 10% of market share, except in certain geo-
graphic locations with weed problems that were par-
ticularly amenable to management with bromoxynil.
The same company has propriety rights to both
bromoxynil resistance and glufosinate resistance tech-
nology. Bromoxynil-resistant crops were recently with-
drawn from the marketplace.

The above discussion summarizes the current situ-
ation in North America. Table 2 provides a summary
of the current world-wide regulatory approval situa-
tion for herbicide-resistant crops. Approval has not
always resulted in commercialization, as was the case
with herbicide-resistant sugarbeet. In some cases there
has been a long lag between approval and adoption.
Adoption of glyphosate-resistant soybean has been
close to 100% in Argentina and is increasing rapidly
in Brazil, where it was only recently approved. Some
glyphosate-resistant soybeans are grown in Uruguay
and Mexico, and a small amount in South Africa.
Although there have been some approvals for growing
herbicide-resistant crops in some European countries,
the adoption rates are almost zero, except in Roma-
nia, where glyphosate-resistant soybeans are grown.
In summary, ten years after introduction of herbicide-
resistant crops, adoption of the technology has only
been strong in three crops: soybean, cotton and
canola. Furthermore, glyphosate-resistant crops have
dominated the market for herbicide-resistant crops.
Adoption has been strong in North America and two
countries in South America.

3.2 Potential new herbicide-resistant crops
Genes exist to make crops resistant to most
herbicide classes.26–29 Furthermore, a new gene has
been engineered by gene shuffling to make crops
resistant to glyphosate.30 Many of these genes are
patented, and considerable effort has been put into
developing herbicide-resistant crops with certain of
these transgenes. However, there is currently little
effort to commercialize herbicide-resistant crops that
are resistant to herbicides other than glufosinate
and glyphosate. The number of regulatory approvals
(deregulations) for new (new crop or new herbicide)
commercialized herbicide-resistant crops declined
after 1999 to a trickle (Fig 3). However, this trend
is not much different from that for all other traits
combined in the USA.15 No new crops have been
added to the list of commercialized herbicide-resistant
species since 1999. No approvals for deregulations
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Figure 3. World-wide regulatory approvals for growing transgenic
herbicide-resistant crops commercially. Only the first approval for a
particular trait for a particular crop in a country is considered.
Compiled from data in Table 2.

of a herbicide-resistant crop with a gene conferring
resistance to a new herbicide have been granted
world-wide since 1995 (Table 2). The petitioning of
EPA for permits to field test herbicide-resistant crops
continues to be 20–30% of permit applications for
transgenic plants. The reasons for the reticence of the
biotechnology industry to develop and market a new
herbicide-resistant crop are provided by an article by
Devine in this issue.31 Fundamentally, his view is that
the high cost, lengthy development time and high risk
due to many factors have been the primary reasons
for the slow development and introduction of new
herbicide-resistant crops.

3.3 Environmental effects
One of the chief criticisms of herbicide-resistant crops
by early opponents was that they would lead to
greater use of and reliance on herbicides. Studies
can be found to support the view that herbicide
use rates are greater with herbicide-resistant crops.32

However, there appear to be more studies that either
support the opposite projection33 or no dramatic
changes in herbicide use.34 Taken together, these
studies suggest that the use rate (unit weight per
unit area) of herbicides in herbicide-resistant crops is
not substantially different from that in conventional
crops. Bromoxynil, glyphosate and glufosinate are not
low use-rate herbicides, but, when each is used with
herbicide-resistant crops, they generally substitute for
a suite of other herbicides. Often, some of the other
herbicides are used as pre-plant or pre-emergence
prophylactic treatments without knowing the potential
weed pressure. All three of the herbicide-resistant
crops herbicides are foliar-applied, post-emergence
herbicides that can be used when and where they are
actually needed. The reduction in costs of glyphosate
and movement of more naturally resistant weed species
into glyphosate-resistant crops may eventually lead to
higher use rates of this herbicide.

There are several health and environmental benefits
of the main two herbicides used in resistant crops,
glyphosate and glufosinate. Both compounds are
generally considered more toxicologically benign than
many of the herbicides they replace.35,36 Furthermore,
both of these compounds have relatively short soil half-
lives, and neither moves easily to ground or surface
water.37 The most significant direct environmental
effect has been from drift of sprayed glyphosate to
non-target plants,38 a problem with all foliar-applied
herbicides. In the UK, farm-scale evaluations of
herbicide-resistant crops have found that the more
complete weed control with crops made resistant to
non-selective herbicides sometimes does not leave
sufficient weeds for natural fauna, thus reducing
biodiversity.39,40 The mixed results of such studies
have provided arguments for those both for and against
herbicide-resistant crops.

Perhaps the most important environmental benefit
of these compounds is that they have played a critical
role in the movement to reduced-, minimum- and no-
tillage agriculture. Loss of top soil due to tillage causes
environmental damage that can last for centuries
or even longer. In soybeans and cotton, tillage
and incorporation of soil-applied herbicides have
been important components of weed management.
However, these practices are less useful with foliar-
applied compounds that kill almost all weeds, such
as glyphosate and glufosinate. Glyphosate-resistant
soybeans have been instrumental in the rapid
conversion to minimum tillage agriculture in the USA,
and glyphosate-resistant cotton has contributed to the
beginnings of minimum-tillage cotton.41

Some have expressed concern about the poten-
tial effects of herbicide-resistant crops on soil health.
There is no evidence that currently released herbicide-
resistant crops are causing significant direct effects on
stimulating or suppressing soil nutrient transforma-
tions in field environments.42

The creation or spread of herbicide-resistant weeds
as a result of herbicide-resistant crop use has been
a concern of some environmentalists and farmers.
Herbicide-resistant crops can influence herbicide-
resistant weeds in four ways. First, naturally herbicide-
resistant weed species can replace those species
effectively controlled by the herbicide used with the
resistant crop (sometimes called a weed shift). This is
no different from what has happened with the advent of
new herbicide classes. The only environmental impact
of this would be the effect of an increase in use-rate of
the herbicide-resistant crop herbicide or the addition
of another herbicide that controls new species that have
become a problem. Second, the herbicide used with
the resistant crop can exert strong selection pressure on
weed species, causing evolution of resistance. This has
occurred once with glyphosate in glyphosate-resistant
soybean,43 although other glyphosate-resistant weeds
have evolved in non-herbicide-resistant crops. The
third possibility is that the herbicide-resistant crop
becomes a weed in a different crop in which the
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herbicide to which the herbicide-resistant crop is
resistant is used. For example, glyphosate is often used
as a pre-plant treatment to eliminate winter weeds.
A glyphosate-resistant volunteer from the previous
growing season would not be controlled, but would be
given an advantage by controlling the other vegetation.
The first three types of weed problems with herbicide-
resistant crops are not new to farmers and pose no
more environmental problems than those occurring
since herbicides were introduced. However, there
is a fourth possibility, that the herbicide resistance
transgene could introgress into weedy relatives. This
is a relatively new problem, as the natural resistance
of crops to selective herbicides has rarely, if at all,
introgressed into weedy relatives, partly because weedy
relatives are usually also naturally resistant.

Movement of transgenes from herbicide-resistant
crops into natural populations has been a legitimate
concern of environmentalists. This is the only
irrevocable effect that transgenic crops might have. A
transgene that confers resistance to a herbicide is not
likely to influence the behavior of a plant population in
a natural environment where the herbicide is not used.
Even if crossing of transgenic crops and wild relatives
occurs at a very low frequency and the hybrids are
very unfit, the herbicide will favor the survival of
the few hybrids by eliminating competition. Similarly,
the herbicide will protect the progeny of backcrossing
until the gene has successfully introgressed into the
wild species. Transgenes for herbicide resistance are
almost certain to move from herbicide-resistant canola
to weedy relatives.44 Transgene flow from cultivated
rice to its weedy and wild relatives is also very likely.45

Most crops have wild relatives with which they can
interbreed somewhere on earth.

The most important environmental damage that
a herbicide-resistant crop might cause would be to
provide the selection agent (the herbicides) to speed
the introgression of other transgenes that could provide
an advantage in a natural habitat. Insect resistance
and pathogen resistance are examples of transgenes
that could alter ecological balances. Maize and cotton
with transgenes encoding both insect and herbicide
resistance have been approved for commercialization
in the USA; however, introgression is not a concern
for maize and cotton in the USA, as these crops
will not interbreed with any USA wild species. In
geographic locations where there is the potential for
transmission of genes to wild relatives, there might
be a concern with these herbicide-resistant crops. A
more immediate problem is gene flow from herbicide-
resistant crops to non-transgenic crops of the same
species. This has already caused problems in North
America in crops that were meant to be kept transgene-
free. Thus, there is a great need for fail-safe technology
to prevent introgression from transgenic crops.

Some authors have raised concerns about horizontal
transmission of transgenes (ie from the herbicide-
resistant crop to completely unrelated species). This
phenomenon does occur in prokaryotes.46 However,

there is little or no evidence that this process occurs
between plant species.47

3.4 Perceptions
As before herbicide-resistant crops were introduced,1,2

transgenic crops (called genetically modified crops or
GMOs by many) and particularly herbicide-resistant
crops continue to be the focus of opposition by various
special interest groups and a portion of the public,
particularly in Europe.48,49 The reasons for opposition
are multiple and complex. Nevertheless, the adoption
of herbicide-resistant crops world-wide has continued
to expand. Even though very few herbicide-resistant
crops are grown in Europe, significant amounts of
herbicide-resistant crops are imported into Europe for
animal feed. The widespread use of herbicide-resistant
crops in the Western Hemisphere without significant
mishap could eventually positively influence the public
perception of them in parts of the world where the
population is more negatively disposed toward this
technology.

4 THE FUTURE
4.1 Future herbicide-resistant crops
As mentioned above, there are many patents for
many types of transgenes to generate new types of
herbicide-resistant crop. The regulatory approvals for
herbicide-resistant crops by year suggests that there
has not been a recent flurry of activity to gain
approval of new ones, like there was in the late 1990s
(Fig 3). The APHIS website has petitions to deregulate
glyphosate-resistant bentgrass and alfalfa, two plant
species not meant for direct human consumption.
Petitions to field test other glyphosate-resistant turf
grasses, as well as onion, are recent. There are recent
petitions for field testing glufosinate-resistant turf
grasses, sweet potato and wheat. Permits to field test
crops resistant to hydroxyphenylpyruvate dioxygenase
and protoporphyrinogen oxidase inhibitors have
recently been approved. However, few petitions
for field tests of herbicide-resistant crops have
been translated into APHIS deregulation requests
for their commercialization. The current status of
these field testing requests can be accessed at:
http://www.isb.vt.edu/CFDOCS/fieldtests2.cfm Clea-
rly, there will not be a large number of new herbicide-
resistant crops in the near future.

4.2 Alternatives to herbicide-resistant crops
Will other technologies, either existing or in devel-
opment, supplant herbicide-resistant crops? The old
technologies are herbicides and tillage. New herbi-
cides are being developed, albeit at a slower pace than
in the past. Without the crop selectivity and broad-
spectrum capabilities of glyphosate and glufosinate,
these new herbicides are not likely to significantly
influence herbicide-resistant crop use. The efficiency
of both herbicide use and tillage is being improved
with precision agriculture, reducing both the amount
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of herbicide used and the environmental damage done
by tillage. The potential of this technology is great,
and it could reduce the adoption of herbicide-resistant
crops, should its cost be reduced and its efficiency
improved.

Conventional approaches to biocontrol of weeds has
had little impact on weed management.50 Research
is under way to improve biocontrol agents with
transgenes,50,51 but this technology has considerably
more environmental risk than herbicide-resistant
crops. Research is also underway to make crops more
allelopathic with transgene technology, with the hope
that herbicide use would be substantially reduced with
such varieties.51,52 There is concern that introgression
of transgenes for this type of trait into wild species
could increase fitness in their natural ecosystems, with
unpredictable consequences. Even if made successful
and safe, this technology will not be available for at
least 10 years.

4.3 Predictions
Clearly, there will not be a plethora of new herbicide-
resistant crops introduced over the next 5 years. There
will probably be an increase in the adoption of some
of the existing ones world-wide. Significant increases
in weed resistance (natural, evolved, and introgressed)
to the herbicides used with herbicide-resistant crops
could slow further adoption of existing herbicide-
resistant crops, but could spur the introduction of new
ones. Herbicide-resistant turf grasses could become a
dominant product in the turf market, should they be
deregulated, as such a product would make it relatively
easy to maintain a turf monoculture, the ambition of
almost all turf managers and home owners with lawns.
Whether the recent concern about gene flow from
glyphosate-resistant creeping bentgrass53 will affect
commercialization of this product remains to be seen.

A marked change in public attitudes about
herbicide-resistant crops in the near future is not
likely, but their neutral and/or favorable environmental
aspects seem to be causing a shift toward governmental
approval of transgenic crops, including herbicide-
resistant crops, in some geographic areas. Adoption of
herbicide-resistant crops in underdeveloped countries
where hand weeding is prevalent and where parasitic
weeds sometimes cause massive crop losses could have
profound effects. In summary, I expect to see growth
in herbicide-resistant crop use in the near future, but
not the rapid growth that we have seen during the first
10 years of their availability.

Beyond the next 5 years, things are more uncertain.
Improved precision agriculture and other transgenic
approaches to weed management could dramatically
change the weed management tools available. If
so, public acceptance, safety and economics will
be the driving factors in determining how these
technologies compete with or complement herbicide-
resistant crops. Ten years ago no-one could have
accurately predicted the progress and lack of progress

of herbicide-resistant crops over the ensuing 10 years.
The next decade is likely to be just as unpredictable.
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